Chemoreceptors are localized at the cell poles of Escherichia coli and other rod-shaped 19 bacteria. Over the years different mechanisms have been put forward to explain this polar 20 localization; from stochastic clustering, membrane curvature driven localization, interactions 21 with the Tol-Pal complex, to nucleoid exclusion. To evaluate these mechanisms, we monitored 22 the cellular localization of the aspartate chemoreceptor Tar in different deletion mutants. We 23 did not find any indication for either stochastic cluster formation or nucleoid exclusion.
48
Introduction 49 50 Bacteria use specific chemotaxis systems to sense chemical changes in their environment 51 and respond accordingly. One of the best-known systems is that of Escherichia coli, which 52 comprises five different membrane spanning chemoreceptors. The cytoplasmic domains of 53 chemoreceptors associate with the adaptor protein CheW and with the histidine kinase CheA.
54
When a receptor binds a specific ligand, CheA is activated and will subsequently 55 phosphorylate the response regulator CheY, which acts on the flagellar motor to change 56 rotation direction. Sensitivity of the chemoreceptors is tuned by methylation and demethylation 57 for which the methylesterase CheB and methyltransferase CheR are responsible. The 58 chemoreceptors are therefore also referred to as methyl-accepting chemotaxis proteins or 59 MCPs. For and in-depth review on the chemotaxis system see e.g. (1, 2) . CheY-YFP clusters that were regularly spaced with a periodicity of approximately 1 µm (5).
88
To confirm that MCPs also produce these regular clusters, the E. coli chemoreceptor Tar was 89 C-terminally fused with a monomeric GFP variant (mGFP). Since GFP tends to form weak 90 dimers, monomeric GFP was chosen to prevent possible localization artefacts (18). To reduce 91 potential artefacts related to protein overexpression, a low copy plasmid with a weakened 92 IPTG-inducible promoter (pTRC99A (19)) 
102
Comparison of the localization profiles indicates that Tar appears later at midcell compared to
103
FtsN, suggesting that clustering of the chemotaxis proteins does not precede cell division.
104
To determine whether Tar forms regularly spaced clusters with a periodicity of around 105 1 µm in filamentous non-dividing cells, we blocked cell division using the antibiotic cephalexin, 106 which inactivates the cell division protein FtsI required for septum synthesis (22) . As shown in 107 Fig (17). To verify this, we expressed the 138 Tar-mGFP fusion in a pal deletion mutant. Indeed, the polar accumulation of the fusion protein 8 was completely abolished, however, there was still a strong accumulation at midcell,
140
comparable to what is observed in wild type cells ( Fig. 3B & D) . When the fusion protein was 141 expressed in a tolA deletion mutant, a similar localization pattern was observed ( Fig. S3 ). This 142 seemingly contradictory finding (no polar but still midcell accumulation) might explain the 143 different reports on the role of Tol-Pal.
144
During cell division, a double cell membrane is formed when the division septum is 145 synthesized. This will give a higher fluorescent membrane signal at midcell, so even when Tar 146 is unable to localize and diffuses freely throughout the cell membrane, the extra cell 147 membranes at the division sites could, in theory, account for an increase in GFP signal at 148 midcell. To assess this, we followed the localization of a general transmembrane protein, the 149 glycerol-3-phosphate transporter GlpT (27), throughout the cell cycle in the pal mutant.
150
Indeed, the GFP signal showed a slight accumulation at midcell when cells started to divide 151 ( Fig. 3 C) , however, the signal intensity was much lower compared to that of Tar-mGFP ( 
165
3B). Presumably, Tar localizes at this region because of the curvature mismatch generated 166 by the tripod configuration of the trimer-of-dimers in combination with the stiffness of the 9 dimers (30). Tension in the membrane is released when these tripods locate to regions of the 168 cell with a corresponding membrane curvature, such as those found at cell division sites. To 169 confirm this, we introduced a N379R mutation in the trimerization site of Tar, corresponding 170 to the N381R mutation in Tsr, which has been shown to abolish trimerization (31). Since single 171 membrane spanning MCP dimers will not deform the membrane, they should therefore not 172 accumulate at cell division sites when membrane curvature is the main driver for localization 173 (Fig. 4A) . Indeed, the N379R mutation resulted in the absence of a clear septal and polar 174 fluorescent signal ( Fig. 4B & D) . When we increased the flexibility of the dimers by introducing 175 a stretch of 3 glycines in the HAMP domain (G248G D249G L250G) of the dimers, Tar was 176 also no longer able to accumulate at midcell and cell poles ( Fig. 4C & D) , in line with the 177 assumption that the unstructured glycine stretch eliminates the membrane curvature 178 preference of the trimer (Fig. 4A) (12, 13) . Thus, membrane curvature seems to drive the 
197
Several papers have argued that the curvature of the E. coli cell pole is sufficient to 198 attract MCP trimers (8, 12, 32) . However, the polar localization of Tar-mGFP is completely 199 abolished when Tol-Pal is absent. This indicates that the curvature at the cell pole is not 200 sufficient to markedly reduce the membrane curvature mismatch created by the Tar trimer-of-201 dimers. This is maybe not so surprising since the cell pole has a curvature with a radius of 202 approximately 500 nm, which is much larger compared to the 37 nm radius of MCP trimer-203 dimers (8). Moreover, the cylindrical later wall has a radius that is comparable to that of the 204 cell pole, which makes the perceived curvature increase of cell poles even smaller.
205
Over the years different mechanisms have been postulated and contradictory results 206 have been obtained in the research of polar localization of E. coli chemoreceptors. One 207 possible explanation is that different groups use different protein reporters for 208 chemoreceptors. In many studies, the cytoplasmic CheR has been used as a proxy for All strains used in this study are listed in Table S1 . Strains were grown in GB1 minimal medium 221 (6.33 g/l K 2 HPO 4 .3H 2 O, 2.95 g/l KH 2 PO 4 , 1.05 g/l (NH 4 ) 2 SO 4 , 0.10 g/l MgSO 4 .7H 2 O, 28 mg/l 222 FeSO 4 .7H 2 O, 7.10 mg/l Ca(NO 3 ) 2 .4H 2 O) supplemented with vitamin B1 (4 mg/ml) and 0.4 % 223 glucose as carbon-source, as previously described (33, 34) . Auxotrophic BW25113 cells 224 required arginine (50 µg/ml), glutamine (50 µg/ml), uracil (20 µg/ml), and thymidine (2 µg/ml).
225
Either 100 µg/ml (or 5 µg/ml in cases of pal or tolA mutant) of ampicillin or 25 µg/ml of 226 chloramphenicol was added to the growth medium to maintain plasmids.
228
Plasmid construction
229
Purified DNA amplicons were used in a 1:10 molar ratio of vector to insert(s) in Gibson
230
Assembly reaction (20 µl) at 50 o C for 60 minutes. 5 µl of each Gibson Assembly reaction mix 231 was used to transform ultra-competent E. coli TOP 10 cells. Ultra-competent E. coli TOP 10 232 cells were prepared as described in Hanahan et al. (35) . Plasmids were sequenced to confirm 233 constructs. Plasmids were transformed into chemically competent BW23115 wild type or 234 mutant cells, prepared as described in Maniatis et al. (36) . Transformants were selected on 235 selective LB agar plates containing the appropriate concentration of antibiotic. Oligos (Table   236 S3) and plasmids (Table S2 ) used in this study are listed in the supplementary information.
237
To construct Tar-mGFP fusion, the point mutation GFP(A206K) was introduced in 
251
To test if curvature caused by trimer-of-dimers is essential for Tar-mGFP localization,
252
we introduced a N379R point mutation in Tar that abolishes the interaction between dimers.
253
The primer sets TerS328/TerS517 and TerS425/457 were used to introduce N379R in 254 pTNV149 (pTRC99A-Tar-mGFP-pSC101 ori) using Gibson Assembly, resulting in plasmid 255 pTNV154 (pTRC99A-Tar(N379R)-mGFP-pSC101 ori). We also introduced a stretch of 3- 
